Abstract-We present a three-element biomimetic antenna array (BMAA) with an electrically small triangular lattice. The proposed array consists of three identical quarter-wavelengthlong monopoles each positioned at a corner of an equilateral triangle whose side length is 0.05λ 0 , where λ 0 is the free-space wavelength. Using a triangular lattice allows for maximizing the phase sensitivity of the array over a 360°angular range. Moreover, it will allow for resolving ambiguities when such BMAAs are used in small-aperture direction finding systems. The three strongly coupled antennas are connected to an external coupling network with three inputs and three outputs. This network augments the mutual coupling between the strongly coupled antennas and is designed to maximize the output phase difference between each two antenna elements without sacrificing the output power level of the array compared with a conventional array occupying the same aperture. A modal analysis technique is also presented and used to design a prototype of the proposed array operating at 600 MHz. This prototype was fabricated and experimentally characterized. Measurement results are shown to be in very good agreement with theory.
I. INTRODUCTION

I
N MANY wireless applications, antenna size is one of the biggest obstacles in the path of miniaturizing the system dimensions. Major advancements in electronics industry and integrated circuit technology have resulted in significant miniaturization of the subsystems and components used in a typical radio transceiver. However, due to fundamental physical limitations, a similar level of reduction in the dimensions of antenna apertures have not been, and may not ever be, achieved. Nevertheless, the reduction of antenna size is an important problem particularly in applications that operate at low RF/microwave frequencies where the wavelength of the electromagnetic wave is large or in applications where the available real estate simply does not allow for placement of antennas with large apertures. These problems are drastically exacerbated in applications where an antenna array must be used to perform tasks that cannot be accomplished efficiently using a single-element radiator (e.g., beam forming, direction finding, and so on). In such applications, antenna arrays with electrically small aperture dimensions are needed.
Compact and small antenna arrays have been studied for more than 70 years. Early works in this area examined the concept of superdirectivity in arrays with electrically small spacing between the elements [1] - [3] . These works demonstrated that achieving superdirectivity from an electrically small array is possible in theory, but implementing it in practice is challenging due to the precision with which excitation coefficient of the array must be synthesized, the strong mutual coupling between adjacent elements, and the losses in the feed network. Subsequently, other studies examined various other attributes of superdirective arrays including examination of the bandwidth and loss issues in such arrays [4] , the use of active elements to increase the bandwidth [5] , and innovative superdirective array designs [6] . The impact of mutual coupling between the closely spaced elements of electrically small arrays have also been extensively studied [7] , [8] .
In [9] - [12] , techniques for compensating the mutual coupling effects in such arrays were proposed including orthogonal eigenmode method [9] , multiple-input multipleoutput (MIMO) antenna decoupling networks [10] , and wideband isolation of coupled closely-spaced antenna arrays using resistive elements [11] . In [12] , a matrix method was reported to compensate the mutual coupling effects on array radiation patterns utilizing a modification matrix obtained from measured element patterns. The application of electrically small antenna arrays in two-element MIMO system is examined in [13] . Mode-based methods for beam-forming in such arrays are also examined in [14] .
Small-aperture direction finding is another application where electrically small antennas or antenna arrays have been used [15] , [16] . Partly motivated by the requirements of this application, recently a class of biologically inspired electrically small antenna arrays have been reported [17] , [18] . Referred to as biomimetic antenna arrays (BMAAs), these antennas mimic the hyperacute senses of directional hearing of small animals [19] . A BMAA consists of a number of closely spaced receiving antenna elements coupled together using an external coupling network (ECN). The role of the ECN is to convert the small phase differences between the received signals at its input (antenna terminals) to larger phase differences at its outputs. In the biological systems that BMAAs mimic, this phase enhancing capability is the main mechanism that allows the small animals to perform precise direction finding using an acoustically small receiving aperture [20] .
In [17] and [18] , two-element BMAAs that directly mimic the sense of auditory hearing a parasitoid fly were introduced. This concept was later expanded to a three-element BMAA with a linear baseline [21] . More recently, a two-element BMAA was reported, which uses a nonfoster ECN to increase the antenna's operating bandwidth [22] . While these antennas achieve a phase enhancement capability, they do this at the expense of sacrificing the available output power level of the array compared with a conventional array. This is a major drawback, since reduction of the output power level reduces the output signal-to-noise ratio of the array in situations where the primary noise source is that of the receiver. In [23] , it was theoretically and experimentally demonstrated that in a two-element BMAA, an upper bound for the maximum phase enhancement factor exists that can be achieved without sacrificing the output power level of the array compared with a conventional array.
In this paper, we present a three-element BMAA with a triangular-shaped electrically small lattice. The motivation for proposing this new BMAA architecture is to address three of the shortcomings of previously reported two-or threeelement BMAAs. First, any array whose elements are placed along a linear baseline has identical antenna elements and an inherent 180°ambiguity in its phase response. Second, in BMAAs with linear baselines, the maximum phase sensitivity is generally obtained over a limited field of view along the boresight direction. For example, in the two-and three-element BMAAs reported in [18] and [21] , the array's phase sensitivity deteriorates as the incidence angle is increased beyond |θ | > 60°. Finally, in most two-or multielement BMAAs reported previously [17] , [18] , [21] , [22] , [24] , the output power level of the array is sacrificed to achieve the desired output phase sensitivity (the only notable exception is the two-element BMAA reported in [23] ). These factors limit the performances of the systems that use such BMAAs and in some applications (such as small-aperture direction finding), they represent serious limitations. The proposed three-element BMAA, however, simultaneously addresses all of these challenges. In this antenna, each element of the array is coupled to the other two elements using a rotationally symmetric ECN. A modal-based technique for analyzing the proposed BMAA, based on its equivalent circuit model, is presented and is used to obtain an upper bound limit on its phase enhancement factor. Using this technique, a BMAA prototype operating at 600 MHz is designed, fabricated, and experimentally characterized. Measurement results are found to be in good agreement with the theory and verify the underlying hypotheses.
II. PRINCIPLES OF OPERATION AND ANALYSIS METHODS
A. Modal Analysis of a Generic Three-Element BMAA
A two-element BMAA (see [18] and [23] ), used as a receiver, can be considered to have two linearly independent modes of excitation. These include the common mode and the differential mode. The array is excited in the common (differential) mode when the open circuit voltage at the terminals of the receiving antennas have the same magnitude and a 0°(180°) phase difference between them. In a general case where the array is receiving a plane wave arriving from a direction making an angle θ with respect to the boresight direction, the voltages induced at the input terminals of the antennas are a linear combination of the common and the differential modes of excitation [18] . The relative weights of these components are determined by the angle of arrival of the wave, θ , and the spacing between the two elements of the array, d. For instance, for θ = 0°, the array is excited in the common mode and for θ = 90°and d = λ/2, the array is excited purely in the differential mode.
The block diagram of a generic three-element BMAA is shown in Fig. 1(a) . This BMAA is assumed to have three receiving elements (antennas) and a three-input-threeoutput ECN, which takes the input signals received at the antenna terminals [labeled as V i1 , V i2 , and V i3 in Fig. 1(a) ] and converts them to the output signals measured at the outputs of the ECN (labeled as V o1 , V o2 , and V o3 ). Such a network with three independent inputs has three linearly independent modes of excitation, which form a set of orthogonal basis functions. For an arbitrary excitation, the response of the circuit can be represented in terms of a linear combination of the responses of the circuit for each basis function. For example,
, and (0, 0, 1) form such an orthogonal basis function. In this analysis, however, we choose the following independent modes of excitations:
to simplify the subsequent circuit analysis steps. Based on this assumption for these orthogonal vectors, the response of the array for a general incoming wave in terms of (V i1 , V i2 , andV i3 ) can be decomposed as shown in Fig. 1(a)-(d) . Depending on the This grid is used for the three-element BMAA considered in this paper. In this paper, the element spacing between the elements, d, is electrically small, i.e., d << λ 0 .
specific architecture for the ECN used, it may be possible to simplify the coupling network topology for the excitations shown in Fig. 1 (b)-(d). In this paper, since an array with a triangular lattice and identical receiving elements is chosen, a rotationally symmetric coupling network will be used to simplify the design and optimization of the array. Considering such a symmetric BMAA topology allows for simplifying the architecture of the system for the three linearly independent modes of excitation considered here. Specifically, for each linearly independent mode of excitation, the architecture of the coupling network can be simplified and its response can be expressed with a 3 × 3 tensor (G a , G b , and G c ) as shown in Fig. 1 
(b)-(d).
Based on this, the output of the system can be represented as
There are two primary objectives in the design of the BMAA shown in Fig. 1(a) . The first aim is to design the ECN to ensure that the maximum available power is extracted from each antenna element. In other words, the power at the outputs O 1 − O 3 should be as high as the maximum available power from each individual antenna element in the array (obtained when each antenna is impedance matched individually for maximum power transfer). The second objective is to maximize the phase difference between each two output (e.g., V o1 -V o2 or V o1 -V o3 ) of the array compared with the input phase difference (e.g.,
To accomplish this, however, a specific architecture for the ECN must first be chosen.
B. Proposed Three-Element BMAA Architecture
The proposed BMAA consists of three monopole antennas placed on the three corners of an equilateral triangle as shown in Fig. 2 . Each monopole is connected to one input of a symmetric ECN having three inputs and three outputs. Fig. 3 shows the equivalent circuit model of the entire BMAA in which the monopole antennas are modeled with their Thevenin equivalent circuit models. The ECN is implemented entirely using passive reactive components (i.e., inductors and capacitors). Mutual coupling between the different antenna elements is taken into account using current dependent voltage sources. The proposed array is illuminated with a plane wave with an angle-of-incidence of θ as shown in Fig. 2(b) . Considering reciprocity and symmetry, the Z -parameters of the monopole antennas can be represented as
Because of symmetry, Z 11 = Z 22 = Z 33 and Z 12 = Z 23 = Z 13 [25] . The circuit shown in Fig. 3 can be simplified for each linearly independent mode of excitation of the array (Modes A, B, and C discussed in Section II-A) as shown in Fig. 4 . This simplification is possible because of the rotationally symmetric architecture of the antenna elements and the ECN selected here. For these three simplified circuits, the network response can be represented as Based on the equations above and considering the principle of linear superposition, we can write
Assuming that the three output ports of the BMAA are connected to 50-loads, (6)-(8) can be used to calculate the output power of the BMAA. can be easily calculated by analyzing the circuits shown in Fig. 4(a) -(c). Explicit expressions for them are provided in Appendix A. The second important output parameter of the BMAA is its phase enhancement factor. For a two-element BMAA, the phase enhancement factor is defined as η = s/s 0 , where s 0 is considered as the slope of the output phase difference of a regular array (without coupling network) with respect to the angle of incidence at boresight and s is the slope of the output phase difference of the biomimetic array
where out is the output phase difference of the BMAA and in = kd sin(θ ) is the phase difference that the EM wave experiences as it propagates between the two antenna elements with an incidence angle of θ from the boresight. In this paper, we expand this definition of the phase enhancement factor to the proposed three-element BMAA with a triangular lattice. Specifically, the slope of the output phase difference between elements 1 and 3, s 13 , is defined as
Using the expressions for V o1 and V o3 , s 13 can be written as
The slope of the output phase difference between the other two pairs of elements, s 12 and s 23 , are also defined in a similar way. Due to symmetry in the coupling network, we have
By substituting (12) into (11), s 13 can be expressed as
Following the derivation provided in Appendix B, we have:
where
Therefore, for a constant |V A o |, to have the maximum possible phase enhancement between the outputs 1 and 3, s 13 , two conditions should be considered. First, the output amplitude for the excitation mode B should be maximized, and second, the phasors V A o and V B o should be 90°out of phase at broadside. Note that maximizing s 13 can also be done by minimizing V A o . However, this is not desirable since it is equivalent to sacrificing the output power level of the antenna. In fact, BMAAs that do not extract maximum available power from an incoming wave, such as those reported in [18] and [22] , is the main method of achieving phase enhancement factor values larger than one.
Following the derivation provided in Section II-B of [23] , the theoretical upper bound value for the phase enhancement factor between antenna elements 1 and 3 in terms of the Y -parameters of the three-element antenna array is derived as:
This expression is only a function of the self and the mutual impedances between the elements of the array and does not depend on the architecture, type, or element values of the ECN. Therefore, the maximum possible phase enhancement factor achievable from any array (without sacrificing the output power level) can be easily calculated using a simple full-wave EM simulation of the array to determine its Y -parameters. Based on (17) and the antenna admittance parameters reported in Table I , η max 13 = 4.68 is obtained for the three-element monopole array considered in this paper. To achieve this phase enhancement factor in practice, however, a suitable ECN must be designed that can meet the aforementioned conditions on V B o and α.
III. DESIGN EXAMPLE AND EXPERIMENTAL RESULTS
To demonstrate the design procedure of the proposed threeelement BMAA, an example is presented in this section. The BMAA is designed to operate at 600 MHz and consists of three, approximately quarter-wavelength monopole antennas placed on the corners of an equilateral triangle with side lengths of 0.05λ 0 . Each monopole is 13.5 cm long and separated from the other monopoles by 2.5 cm. In the simulations, the monopoles are assumed to be placed on an infinitely large ground plane. The three-port Y -parameters of the antennas, at the operating frequency of 600 MHz, are obtained from full-wave EM simulations in CST Studio and the results are presented in Table I . The element values of the ECN must be determined such that they satisfy the conditions discussed in Section II. To extract maximum power from an incoming wave incident from the boresight directions of any of the three pairs (i.e., 0°, 120°, or 240°), mode A must be impedance-matched. As discussed in the previous section, the output voltage of mode B needs to be as large as possible to get the highest phase enhancement factor possible. The orthogonality between the outputs of modes A and B is another critical condition, which needs to be met. To satisfy these three conditions using the equivalent circuit models shown in Fig. 4 , five nonlinear equations are obtained. These equations are provided in Appendix C. Four equations [(27)-(30) in Appendix C] correspond to the impedance-matching of the modes A and B. These equations are derived from the equivalent circuit models shown in Fig. 4(a) and (b) . The fifth equation [(31) in Appendix C] corresponds to the Table II . To experimentally verify this design, a prototype of the proposed BMAA was fabricated. The three monopole antennas are made out of hollow copper tubes with circular cross sections with inner and outer radii of 1.8 and 2.4 mm, respectively. The antennas are mounted on a ground plane with physical dimensions of 60 cm × 60 cm. Fig. 5(a) shows a photograph of the three monopoles mounted on the finite ground plane. The measured self and mutual impedances of the monopole array are shown in Fig. 6 . To minimize the impact of scattering and diffraction from the edges of the finite ground plane on the BMAA response, the edges of the ground plane are covered with thin absorbers (6.35 mm thick ECCOSORB LS-30/SS-3 absorbers manufactured by Emerson and Cuming). The ECN was fabricated on a 0.030" thick Rogers RO4003C substrate. A photograph of the fabricated ECN is shown in Fig. 5(b) . The coupling network is implemented in microstrip technology. The inputs of the network are connected to three SMA connectors using through substrate vias. The monopole antennas are connected to the inputs of the coupling network using SMA adapters as can be observed in Fig. 5(c) . The outputs of the BMAA are extracted from the outputs of the ECN shown in Fig. 5(b) and (c) . Fig. 7 shows the simulated output phase responses of the BMAA as a function of the angle of incidence (between elements 1 and 3) and compares them with the phase response of a regular array with the same elements and spacing (i.e., the BMAA without the ECN). The simulations are performed using CST Microwave Studio to obtain the scattering parameters of the three-element array (without the ECN). Subsequently, the S-parameters of the array were exported to ADS and used as part of a circuit simulation to calculate the response of the BMAA. The simulation results predict a phase enhancement factor of 2.5. Note that this phase enhancement factor is different from the maximum theoretical value of 4.63 predicted from the theoretical analysis presented in Section II. This is attributed to two reasons. First, the optimization process used to obtain the element values of the ECN is not guaranteed to return a global optimum value for the elements of the coupling network. Second, the Y -parameters of the antenna used in these experiments are different from those used in the calculations reported in Section II. Specifically, the use of the SMA connectors (for the antenna and the coupling network) and the SMA adapters used to connect the antenna and the coupling network together changes the Y -matrix of the "effective" antenna as seen from the inputs of the ECN. Therefore, the maximum theoretically achievable phase enhancement factor in this case will be different from that predicted in Section II. Specifically, using the measured values of the Y -parameters of the antennas (including the SMA connectors and adapters), the maximum phase enhancement factor achievable from this antenna is calculated as η 13max = 2.2. 2 The response of the fabricated BMAA was measured using a calibrated 4-port vector network analyzer (Agilent PNA N5225A). The array is characterized by illuminating the Fig. 8 . Phase responses of the proposed three-element BMAA. Output phase difference between ports 1 and 3 are similar to that of ports 1 and 2, except for a 120°phase shift. Therefore, the insensitive region of output phase difference curve for elements 1 and 3 (60°< θ < 90°) overlaps the sensitive region of the phase difference curve for elements 1 and 2. BMAA with a vertically polarized plane wave from various incidence angles in the azimuth plane and measuring the three output signals of the BMAA. The measurement system consists of a transmitting dipole antenna and the receiving BMAA was placed in the far field of the dipole. Fig. 7 shows the measured output phase difference between output ports 1 and 3 of the BMAA and compares that with the simulation results. Observe that a good agreement between the measurement and simulation results is obtained and the measured phase enhancement factor is 2.2, which is very close to the simulated phase enhancement factor of 2.5. As can be seen in Fig. 7 , for incidence angles in the range of −90°< θ < 90°, the output phase difference between the ports 1 and 3 of the BMAA (which are the desired outputs in this range) has a higher rate of change for |θ | < 60°c ompared to 60°< |θ | < 90°. In the context of a direction finding system using only these two elements, this larger phase variation offers a better angular sensitivity for signals arriving with incidence angles less than ±60°range and this resolution decreases as the incidence angle increases. However, the rotational symmetry of the proposed BMAA and the fact that three elements are used along a triangular lattice address this problem. This scenario is shown in Fig. 8 where the measured and simulated output phase responses of the array are presented in the entire −180°to 180°range. Observe that in the range of −180°to −60°, the phase difference between elements 2 and 3 shows the maximum rate of change.
As the incidence angle is increased, the maximum rate of change is shifted to the outputs 1 and 3 for the incidence angle range of −60°to +60°and to the outputs 1 and 2 for the incidence angles ranging from 60°to 180°. Fig. 9 shows the measured and simulated power levels at the three outputs of the BMAA normalized to the available power level that can be achieved from a regular antenna array using the same elements and spacing (i.e., the BMAA without the coupling network). As can be observed, there is good agreement between the measured and simulated results. Moreover, the output power level of the BMAA is not sacrificed compared to that of the regular array. The minor discrepancies observed between the measurement and the simulation results can be attributed to the tolerances of the component values of the capacitors and inductors, slight asymmetries existing in the fabricated array and its ECN, potential measurement uncertainties, and the finite size of the ground plane, which were assumed to be infinite in the simulations.
It is noted that the proposed BMAA has a relatively narrow phase enhancement factor bandwidth. The simulated bandwidth of the BMAA presented in this paper is 10 MHz. The narrowband response of the BMAA can be explained by examining the quality factor of the array for the different linearly independent modes of excitation. Specifically for the common mode (Mode A), the array has a relatively low Q. For the noncommon modes of excitation (Modes B and C), however, the out of phase excitation of the closely spaced antennas results in significant increase in the stored energy within the near field of the array, which results in increasing the Q of these modes. This high Q manifests itself in the form of rapid changes of the mutual coupling terms of the array (e.g., Y 1,2 , Y 1,3 , and Y 2,3 ) as a function of frequency. Following (17) , this results in having a limited bandwidth over which a desired phase enhancement factor may be achieved. For a given lattice shape and element spacing, the choice of the antenna element (e.g., monopole, bow-tie, loop, and so on) does impact this achievable bandwidth to some extent. However, since the primary factor limiting this bandwidth is electrically small lattice spacing of the array, all of these BMAAs are expected to be narrowband having bandwidths in the range 1%-5%. In such BMAAs, using nonfoster coupling networks may offer a means of increasing the bandwidth of the array. A recent study in [22] has examined a nonfoster BMAA. However, in that design, phase enhancement is obtained by sacrificing the output power level of the array, which is not desirable. Theoretical studies and simulation results of a nonfoster BMAA that does not sacrifice the output power level of the array have been reported in [26] and suggest the feasibility of this idea. This structure, however, is yet to be fabricated and tested.
IV. CONCLUSION
A BMAA with three mutually coupled elements placed on the corners of an electrically small equilateral triangle was introduced in this paper. The antenna was analyzed using its equivalent circuit model and a modal analysis technique, which examines the structure separately in each of its three linearly independent modes of operation. This three-element BMAA was designed to meet two specific goals of maximum power extraction and nearly maximum phase enhancement factor without sacrificing the output power level of the array. Specifically, the ECN of the array is designed such that the array can extract the maximum available power from an incoming wave. This is similar to what is performed in conventional antenna arrays and ensures that the output power level of the array is maximized. In addition to this, the ECN of the BMAA was also designed to maximize the output phase difference between each two elements of the array compared with what is achievable from a conventional antenna array. This phase enhancement factor increases the sensitivity of the BMAA to changes in the direction of arrival of the electromagnetic wave compared to a conventional antenna array. A prototype of this three-element BMAA consisting of three quarter-wavelength-long monopoles separated from each other by a distance of 0.05λ 0 , where λ 0 is the free-space wavelength, was also designed, fabricated, and experimentally characterized. Experimental results were shown to be in good agreement with the theoretically predicted ones. The proposed antenna addresses some of the shortcomings of the previously reported two- [17] - [24] or three-element [21] BMAAs for applications such as small-aperture direction finding systems.
APPENDIX A
In Section II-B, the element values of the matrices in (3)- (5) can be calculated by analyzing the circuits shown in Fig. 4(a)-(c) . These values are obtained in terms of the parameters of the ECN as well as the Z -parameters of the three-element monopole array 
APPENDIX B
Based on (13) , the slope of the output phase difference between elements 1 and 3, i.e., s 13 = d out, 13 /dθ , is defined as
Since mode B is a noncommon mode, for incidence angles near broadside (i. 
Since mode C is a noncommon mode, for incidence angles near broadside (i.e., θ → 0), Re(V C o /V A o ) tends to zero. Then, we have
where 
